Introduction
============

Leukemia is a malignant hematologic neoplasm that occurs at the level of hematopoietic stem cells, accounts for \~5% of all malignancies, and is one of the most common types of cancer among children and adolescents ([@b1-ol-0-0-8010]). Acute promyelocytic leukemia (APL), a high mortality-associated subtype of acute leukemia, predominantly manifests as disseminated intravascular coagulation or hyperfibrinolysis-induced severe bleeding ([@b2-ol-0-0-8010]). Chemotherapy with all-trans retinoic acid, anthracycline antibiotics and arsenic trioxide is a typical treatment for leukemia, and has been widely used with satisfactory effect ([@b3-ol-0-0-8010]). However, due to different genetic phenotypes and repeated drug exposure, drug resistance has begun to decrease the effectiveness of chemotherapy and the overall survival time of patients with leukemia, including those with APL ([@b4-ol-0-0-8010]). Thus, developing chemotherapy drugs that may aid in the treatment of patients with APL despite the presence of drug resistance is crucial.

A previous study demonstrated that, via the regulation of downstream nuclear transcription factors, the recombinant activated factor (RAF)/mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase (ERK) signaling pathway is associated with the increased expression of the multidrug-resistant permeability glycoprotein, and may thereby induce drug resistance in leukemia cells ([@b5-ol-0-0-8010]). Sorafenib is an oral RAF kinase inhibitor, and has been used for the treatment of liver and kidney cancer ([@b6-ol-0-0-8010]). Sorafenib inhibits the RAF/MEK/ERK signaling pathway thereby suppressing tumor cell proliferation and angiogenesis ([@b7-ol-0-0-8010]). Multiple studies have demonstrated that sorafenib induces tumor cell apoptosis in numerous types of cancer, including hepatocellular carcinoma ([@b8-ol-0-0-8010]), melanoma ([@b9-ol-0-0-8010]) and human glioblastoma cells ([@b10-ol-0-0-8010]), and acute myelocytic leukemia ([@b11-ol-0-0-8010]). Numerous studies have focused on the clinical application of sorafenib in acute leukemia and have demonstrated that sorafenib may exert a satisfactory chemotherapeutic effect ([@b12-ol-0-0-8010]--[@b14-ol-0-0-8010]). However, the effects and underlying mechanisms of sorafenib on APL remain to be fully understood.

Therefore, in the present study, sorafenib was used to treat the APL cell line NB4. The effect of sorafenib on the cell cycle, proliferation and apoptosis were subsequently assessed. Furthermore, the present study examined the mechanisms underlying the effect of sorafenib on the proliferation and apoptosis of APL cells.

Materials and methods
=====================

### Cell culture

The APL cell line NB4 was purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China) and subsequently maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (10%; both from Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) in a 37°C humidified incubator with 5% CO~2~. The cells in logarithmic phase were used in subsequent experiments.

### MTT assay

NB4 cells with a density of 1×10^4^ cells/ml were cultured on a 96-well plate (180 µl/well). On day two, multiple concentrations of sorafenib (0, 3, 6 or 12 µM; 20 µl/well; Bayer AG, Leverkusen, Germany) were added onto wells and cultured for 24, 48 or 72 h. Cells were subsequently incubated with 10 µl of MTT (5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 4 h at the same time each day. Subsequently, 100 µl of DMSO (KeyGen Biotech Co. Ltd., Nanjing, China) was added to solubilize the formazan crystals at room temperature. Zero (medium, MTT, DMSO) and blank holes were set up. The absorbance was measured as the optical density (OD) value at a wavelength of 492 nm on a microplate reader. The inhibition rate of cell proliferation was calculated as follows: 1-(Experimental OD-Blank OD)/(Negative control OD-Blank OD)×100%.

### Flow cytometry

NB4 cells were treated with sorafenib at a final concentration of 0, 3, 6 or 12 µM. Following treatment for 24 and 48 h, cells were collected via centrifugation (180 × g for 5 min) at room temperature. For subsequent cell cycle analysis, cells were fixed with precooled 75% ethanol at 4°C for 1 h. Cells were then centrifuged (350 × g for 6 min) at room temperature and the ethanol was removed by washing with PBS. Cells were resuspended in 300 µl of PBS and treated with 50 µg/ml ribonuclease A (Shanghai Sangong Pharmaceutical Co., Ltd., Shanghai, China) at 37°C for 30 min. Subsequently, cells were maintained in propidium iodide (PI; KeyGen Biotech Co. Ltd.) in the dark at 4°C for 15 min. A flow cytometer (BD Biosciences, Franklin Lakes, NJ) was used to detect the cell cycle. The Annexin V-fluorescein isothiocyanate (FITC) Apoptosis Detection kit was used to detect cell apoptosis (KeyGen Biotech Co. Ltd.). The collected cells were incubated with Annexin V-FITC and PI at 25°C for 15 min in the dark. Following incubation with Binding buffer (provided by the Annexin V-FITC Apoptosis Detection kit), cells were detected using the flow cytometer. The experiment was repeated three times.

### Reverse transcription-semi quantitative polymerase chain reaction (RT-sqPCR)

Cells were treated with sorafenib at a final concentration of 0, 3, 6 or 12 µM for 48 h. Subsequently, total RNA was extracted from the collected cells using TRIzol reagent (KeyGen Biotech Co. Ltd.) at room temperature for 15 min and measured using a UV spectrophotometer (BD Biosciences) at A~260~; cDNA was reverse transcribed from 1 µg of total RNA with A~260~/A~280~ of 1.8--2.0 using a PrimeScript RT reagent kit with a genomic DNA eraser (Takara Biotechnology Co., Ltd., Dalian, China) at 37°C for 15 min, followed by 65°C for 15 sec. Briefly, 10 µl of reaction system included: 2 µl 5× PrimeScript RT master mix, 7 µl RNase-free water and 1 µl RNA. Reverse cDNA was then used in sqPCR. Primer sequences corresponding to caspase-3, caspase-8, myeloid cell leukemia (MCL)1 and GAPDH are provided in [Table I](#tI-ol-0-0-8010){ref-type="table"}. The sqPCR reaction system was comprised of 1 µl of cDNA, 0.25 µl of each primer (Sangon Biotech Co., Ltd., Shanghai, China), 12.5 µl of Taq PCR mix (Takara Biotechnology Co., Ltd.) and double distilled H~2~O to adjust the total volume to 25 µl. Initial denaturation occurred at 94°C for 3 min, followed by 40 30-sec cycles at 94°C, 58°C and 74°C, respectively. Elongation followed at 74°C for 10 min. The PCR product was visualized using agarose gel (1.5%), and analyzed on a UV trans-illuminator (UVitec Ltd., Cambridge, UK). Subsequently, sqPCR analysis was performed using the ratio of grey density associated with target genes to that associated with the internal control. mRNA was quantified using Labworks^™^ Analysis Software (version 4.5; Upland, CA, USA).

### Western blot analysis

Cells were treated with sorafenib at a final concentration of 0, 3, 6, or 12 µM for 48 h. Subsequently, cells were collected and lysed using radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Haimen, China). A bicinchoninic acid protein assay kit based on the standard curve was used to determine the protein concentration. An equal amount of protein (30 µg) per lane was separated using SDS-PAGE (10--15% gel). Following electrophoresis, the separated proteins were transferred onto a polyvinylidene fluoride membrane. The membranes were subsequently blocked with 5% skim milk for 2 h at room temperature, and incubated with rabbit anti-rat MCL1 (cat. no. SAB4501843), caspase-3 (cat. no. C8487), caspase-8 (cat. no. C2976), cyclin D1 (cat. no. SAB4503501), MEK (cat. no. SAB4501863), phosphorylated (P)-MEK (cat. no. M7683), ERK (cat. no. M7556) or P-ERK (cat. no. M7933) polyclonal antibodies (1:500; Sigma-Aldrich; Merck KGaA), or rabbit anti-rat β-actin monoclonal antibody (cat. no. SAB5500001; 1:1,000, Sigma-Aldrich; Merck KGaA) at 4°C overnight. β-actin was used as an internal control. Following washing with PBS, the membrane was incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (cat. no. A16110; 1:10,000; Thermo Fisher Scientific, Inc., Waltham, MA, USA) for 2 h at room temperature. The membrane was subsequently washed with PBS and developed using 3,3′-diaminobenzidine (Shanghai Sangong Pharmaceutical Co., Ltd.). Image Pro Plus software (version 6.3, Media Cybernetics, Inc., Rockville, MD, USA) was used to detect target protein expression.

### Statistical analysis

SPSS software (Version 16.0; SPSS, Inc., Chicago, IL, USA) was used to analyze data. All experiments were repeated three times. All data were expressed as mean ± standard deviation. One-way analysis of variance (ANOVA) was used to analyze data among different time points. Data among different concentrations of sorafenib were analyzed using one-way ANOVA. The Bonferroni method was used for pairwise comparison. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effect of sorafenib on NB4 cell proliferation

MTT analysis demonstrated that, compared with untreated cells, 1.5--12 µM of sorafenib significantly inhibited the proliferation of NB4 cells following treatment for 24, 48, or 72 h (P\<0.05). Furthermore, the inhibiting effect of sorafenib on NB4 cells was dose- and time-dependent (P\<0.01; [Fig. 1](#f1-ol-0-0-8010){ref-type="fig"}). The results of cell cycle analysis demonstrated that, compared with untreated cells, the sorafenib-treated NB4 cells exhibited a significantly increased percentage of cells in the G0/G1 phase, but a significantly decreased percentage of cells in S phase (P\<0.05; [Fig. 2](#f2-ol-0-0-8010){ref-type="fig"}), suggesting sorafenib may induce cell cycle arrest in the G0/G1 phase of NB4 cells.

### Effect of sorafenib on NB4 cell apoptosis

Compared with untreated cells, the early and late apoptotic cells ratio was significantly increased in NB4 cells treated with 1.5--12 µM of sorafenib for 24 or 48 h ([Fig. 3](#f3-ol-0-0-8010){ref-type="fig"}), and sorafenib induced an increase in NB4 cell apoptosis dose-dependently (P\<0.05). These results suggest that sorafenib may induce apoptosis in NB4 cells.

### Effect of sorafenib on the expression of MCL1, caspase-8, caspase-3 and cyclin D1 in NB4 cells

Compared with untreated cells, sorafenib significantly increased the mRNA and protein expression of caspase-3 and caspase-8, and inhibited the expression of MCL1, following treatment for 48 h (P\<0.05; [Fig. 4](#f4-ol-0-0-8010){ref-type="fig"}). In addition, the expression of cyclin D1 was decreased in NB4 cells treated with 1.5--12 µM of sorafenib for 24 and 48 h compared with that in untreated cells (P\<0.05; [Fig. 4B](#f4-ol-0-0-8010){ref-type="fig"}). Sorafenib induced alterations to the expression of each of these genes dose-dependently (P\<0.05).

### Effect of sorafenib on the MEK/ERK signaling pathway in NB4 cells

To further assess the mechanisms underlying the effects of sorafenib, the present study detected the expression of MEK/ERK signaling pathway-associated proteins in sorafenib-treated NB4 cells. The results of the present study demonstrated that, compared with untreated cells, sorafenib significantly inhibited the expression of P-MEK and P-ERK (P\<0.05; [Fig. 5](#f5-ol-0-0-8010){ref-type="fig"}), and that the expression of P-MEK and P-ERK decreased with increasing sorafenib concentration (P\<0.05).

Discussion
==========

Due to the toxicity, side effects, possibility of APL drug resistance or relapse associated with APL chemotherapy ([@b15-ol-0-0-8010]), developing APL chemotherapy drugs that may overcome drug resistance is crucial. The present study demonstrated that, in NB4 cells, sorafenib inhibited cell growth, induced cell cycle arrest in the G0/G1 phase and apoptosis dose-dependently. Such effects may be induced by the upregulation of the proapoptotic proteins caspase-3 and caspase-8, and the downregulation of the antiapoptotic protein MCL1 and the cell cycle-associated protein cyclin D1. Furthermore, sorafenib inhibited the phosphorylation of MEK and ERK.

Sorafenib is a novel multi-target anticancer drug that may simultaneously inhibit multiple cell surface and intracellular kinases that serve key functions in regulating tumor growth ([@b16-ol-0-0-8010]). A previous study demonstrated that sorafenib inhibited the RAF/MEK/ERK signaling pathway to directly exert an antitumor effect, and suppressed the expression of vascular endothelial growth factor receptor to inhibit tumor angiogenesis and thereby indirectly inhibit tumor cell growth in hepatocellular carcinoma ([@b16-ol-0-0-8010]). The present study demonstrated that sorafenib inhibited the proliferation of NB4 cells by promoting cell cycle arrest in the G0/G1 phase, a similar result to the effect of sorafenib on human synovial sarcoma cells, as demonstrated by Peng *et al* ([@b17-ol-0-0-8010]). Cyclin D1 is a key protein in cell cycle progression ([@b18-ol-0-0-8010]). The present study demonstrated that cyclin D1 was downregulated in sorafenib-treated cells compared with untreated cells, indicating that cyclin D1 may be associated with sorafenib-inhibited cell growth. In addition, the present study demonstrated that sorafenib-induced cell apoptosis may be associated with the expression of the apoptosis-associated proteins caspase-3, caspase-8 and MCL1. A previous study suggested a proapoptotic effect of sorafenib on the human myeloma cell line RPMI8226 ([@b19-ol-0-0-8010]). Furthermore, Schult *et al* ([@b20-ol-0-0-8010]) demonstrated that sorafenib induced cell apoptosis by upregulating the expression of caspase-3 and caspase-7 in acute lymphoblastic leukemia cells. In addition, Meng *et al* ([@b21-ol-0-0-8010]) suggested that MCL1 is an antiapoptotic B-cell lymphoma (Bcl)-2 homolog that aids the inhibitory apoptosis function of sorafenib in acute myelogenous leukemia. Combined with the results of the present study, these results suggest that sorafenib serves an inhibitory function in the development of APL by modulating cell proliferation and apoptosis.

To further assess the molecular mechanism underlying the activity of sorafenib in APL cells, the present study detected MEK/ERK signaling pathway-associated protein expression. Previous studies have demonstrated that sorafenib inhibited tumor growth of certain types of cancer through the regulation of the RAF/MEK/ERK signaling pathway ([@b22-ol-0-0-8010],[@b23-ol-0-0-8010]). The RAF/MEK/ERK signaling pathway is associated with cell cycle progression and apoptosis in numerous cells, and mutations in the pathway may be associated with cancer ([@b24-ol-0-0-8010]). Multiple studies have demonstrated that the mediation of G1 arrest by certain cell cycle-associated genes, including p15, p16 and p21 depended on the RAF/MEK/ERK signaling pathway ([@b25-ol-0-0-8010]--[@b27-ol-0-0-8010]). In addition, Boucher *et al* ([@b28-ol-0-0-8010]). suggest that the MEK/ERK signaling pathway may inhibit apoptosis by regulating the expression of Bcl-2 and MCL1 in human pancreatic cancer cells. The results of the present study suggest that the inhibitory effects of sorafenib on APL cells were potentially achieved by the downregulation of the activity of the MEK/ERK signaling pathway. Therefore, the present study suggests that the role of sorafenib in inhibiting cell growth in APL cells may be regulated by the MEK/ERK signaling pathway.

To conclude, the present study demonstrated that sorafenib inhibited proliferation and induced apoptosis in human APL cells, the underlying mechanism of which may involve the MEK/ERK signaling pathway. Further studies are required in order to fully understand the mechanism underlying the effect of sorafenib on APL cells.
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![Inhibition rate of NB4 cell proliferation by different concentrations of sorafenib. The results of the MTT assay demonstrated that sorafenib significantly inhibited the proliferation of NB4 cells following treatment for 24, 48 or 72 h. \*\*P\<0.01, compared with the 24 h treatment; ^∆∆^P\<0.01, compared with the 48 h treatment; ^a^P\<0.05, compared with the 0 µM sorafenib treatment; ^b^P\<0.05, compared with the 1.5 µM sorafenib treatment; ^c^P\<0.05, compared with the 3 µM sorafenib treatment; ^d^P\<0.05, compared with the 6 µM sorafenib treatment.](ol-15-04-5620-g00){#f1-ol-0-0-8010}

![Cell cycle of NB4 cells treated with different concentrations of sorafenib. Flow cytometry analysis demonstrated that sorafenib increased the percentage of cells in the G0/G1 phase and decreased the percentage of cells in S phase following treatment for 24 or 48 h. Blue represents G0/G1 phase, and red represents S phase. \*P\<0.05, compared with the 0 µM sorafenib treatment.](ol-15-04-5620-g01){#f2-ol-0-0-8010}

![Apoptosis of NB4 cells treated with different concentrations of sorafenib. Flow cytometry analysis demonstrated that sorafenib induced the early and late apoptosis of cells following treatment for 24 or 48 h. \*P\<0.05, compared with the 0 µM sorafenib treatment. PI, propidium iodide; FITC, fluorescein isothiocyanate.](ol-15-04-5620-g02){#f3-ol-0-0-8010}

![Expression of apoptosis-associated genes and cell cycle-associated genes in NB4 cells treated with different concentrations of sorafenib for 48 h. (A) Semi-quantitative polymerase chain reaction and (B) western blot analysis demonstrated that sorafenib increased the expression of caspase-8 and caspase-3, and decreased the expression of MCL1 and cyclin D1. \*P\<0.05, compared with the 0 µM sorafenib treatment. MCL, myeloid cell leukemia.](ol-15-04-5620-g03){#f4-ol-0-0-8010}

![P-MEK/MEK and P-ERK/ERK protein expression in NB4 cells treated with different concentrations of sorafenib for 48 h. Western blot analysis demonstrated that sorafenib inhibited the phosphorylation of MEK and ERK. \*P\<0.05, compared with the 0 µM sorafenib treatment. P, phosphorylated; MEK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase.](ol-15-04-5620-g04){#f5-ol-0-0-8010}

###### 

Primer sequences of MCL1, caspase-3, caspase-8 and GAPDH.

  Gene        Primer sequence (5′→3′)       Product size (bp)
  ----------- ----------------------------- -------------------
  MCL1        F: GCGACTTTTGGCTACGGAGA       246
              R: ATGAGGTGAAAGCCGCGAAA       
  Caspase-3   F: AGGAGCAGTTTTGTTTGTGTGC     123
              R: TCGTGGACCAATAATAAGAACCG    
  Caspase-8   F: GGGGCTTTGACCACGACCT        368
              R: GTTTGCTCTATATAGGGCCTACTC   
  GAPDH       F: ACGGGAAACCCATCACCATC       129
              R: CTACCACTACCCAAA GGGCA      

MCL, myeloid cell leukemia; F, forward; R, reverse.
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